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A COMPREHENSIVE DESCRIPTION of lung geometry is often required to accurately model pulmonary airflow and aerosol particle deposition. Both flow and particle transport are influenced by airway length, diameter, as well as bifurcation, gravitational and rotational angles (3, 23) . Such geometric descriptions are not only useful for studies of airflow and/or particle deposition in three-dimensional (3D) numerical models, but they are also applicable in multiscale approaches. Recently, Comerford et al. (4) predicted airflow in a subject-specific model of the human large airways by coupling a 3D airway model to a 1D model of small airways using an impedance boundary condition. Impedance was calculated based on airway morphometric measurements (16) . In blood flow simulations, both simple 0D resistance and Windkessel (resistance and capacitance) models as well as more sophisticated closed-loop lumped parameter networks (17) have been used in multiscale models of the cardiovascular system (33) . Similar approaches could potentially be applied to model functional parameters in the pulmonary airways. Knowledge of airway resistance and impedance is essential in the study of lung mechanics in both health and disease (2, 8) . Furthermore, accurate morphometric measurements of the large and small airways can improve the precision of impedance and resistance calculations and therefore improve multiscale coupling in numerical models and/or aid in characterization of disease states.
Rats have been widely used in experimental deposition studies (24, 35) and in studies aimed at understanding the influence of particle composition on lung pathology (7, 26) as well as aiding in the development of drugs delivered as aerosols (XX). Therefore, an improved understanding of the rat 3D airway morphometry may establish links between aerosol deposition and airway geometry. Previous studies of rat airway morphometry have used casting methods, or excised lungs, and leave some doubt as to whether the geometric angles of the airways represented in these casting or ex vivo lungs represent a realistic in situ state. Raabe et al. (25) performed a complete morphometric analysis of the rat lung using silicone casts that were imaged by electron microscopy. Yeh et al. (36) measured the morphometric parameters from a single silicone rat lung cast to develop a typical path lung model. Rodriguez et al. (27) found that the number of generation of conducting airways varies in the different lobes of the rat lung, with the lower lobes containing more airway generations than the upper lobes. For example, in the right upper (apical) lobe, conducting airways branch over a range of 8 to 25 generations, with an average of 15 generations, whereas in the right lower (diaphragmatic) lobe, airways ranged from 13 to 32 generations.
The use of high-resolution 3D imaging techniques, such as CT and MRI, has the advantage of obtaining 3D datasets that may be analyzed more efficiently than the tedious reconstruction of data collected serially in two dimensions. By using micro-CT, de Backer et al. (1) imaged the upper respiratory tract and thoracic cavity of Sprague-Dawley rats, and Sera et al. (29) showed that for generations 8 -16 , airway diameter and length decrease exponentially with each generation. Einstein et al. (6) used magnetic resonance imaging, and Lee et al. (12) used CT to obtain detailed images of rat lung silicone casts. With these data, Einstein et al. (6) performed self-similarity analysis of the behavior of airway diameter and length as a function of path length, but did not extend this analysis to obtain bifurcation and gravitational angles. Lee et al. (12) performed a detailed analysis of morphometric data for six rats and argued that there was little intersubject variability among the animals. However, a large variability was seen between airway generations in the intravariability analysis.
This paper presents the first comprehensive set of in situ 3D morphometric measurements of Wistar rat lungs obtained from MR images. The goals of this study were to 1) compare this in situ morphometry to previous measurements taken from excised airway casts, 2) determine the variability between animals of the same strain and weight, and 3) provide all the morphometric measurements needed to fully describe the airways down to an image resolution and to spatial organization that is physiologically relevant.
METHODS

Animal Preparation
This study protocol was approved by the University of California San Diego Institutional Animal Care and Use Committee (IACUC). Four healthy male Wistar rats (268 Ϯ 14 g) were analyzed. The method for preparing and imaging of the lungs in situ has been described previously for mice (28) . Animals were deeply anesthetized with pentobarbital sodium (60 mg per kg of body wt ip) and tracheostomized with a 15-gauge plastic cannula. Animals were injected (ip) with heparin (500 units) and 2 ml of gadolinium dimeglumine (Magn- evist, Schering, Germany) to ensure a high level of contrast between the lung tissues and blood and the airways during imaging. Animals were ventilated for 10 min with 100% O 2 at an airway pressure of 10 cmH2O and then euthanized with a second dose of pentobarbital sodium (60 mg per kg of body wt ip) and instilled at a 45°angle. The lungs were first primed with a small amount of PBS, then filled with perfluorocarbon (PFC; Fomblin Solvay Solexis, Thorofare, NJ) to an airway pressure of 9 cmH 2O and finally filled with 0.05% low-melt agarose in PBS (NuSieve Agarose, Cambrex, Rockland, ME) to a final airway pressure of 20 cmH2O. This resulted in an approximate 70:30 ratio of PFC/PBS. The cannula was capped and the animals were immediately transferred to the MR scanner for imaging.
MR Imaging
The lungs were imaged in situ in a 7T small animal MR scanner (Bruker Biospin WI) using a custom built Quadrature volume MR imaging coil. T 2-weighted coronal images were acquired using a Turbo-RARE 3D pulse sequence with TR/TE ϭ 1,500/43 ms and FA ϭ180°. The image matrix was 256 ϫ 256 ϫ 128, which generated a voxel dimension of 0.2 ϫ 0.2 ϫ 0.27 mm. Each MR scan took ϳ1 h and 40 min. The resulting images had a high level of contrast between the airways (PFC filled: dark) and the surrounding tissue (gadolinium: bright) (28) .
3D Airway Construction
Three-dimensional airway models were created from the MR images using a custom version of the open source software, SimVascular (simtk.org) (32) , which has been used extensively for cardiovascular model construction in previous studies (15, 33) . The procedure involved drawing centerline paths interpolated with splines ( Fig. 1A) , segmenting contours perpendicular to the path (Fig. 1B) , and lofting segmentations to create a 3D geometric model (Fig. 1C) .
Each centerline began at its initial bifurcation point and followed the images through each major daughter bifurcation until the limits of image resolution were reached. Centerlines for each minor branch were created similarly until the entire 1D airway tree was defined. Segmentations spaced a few voxels apart were drawn perpendicular to the centerlines for all airways with a diameter greater than two pixels. Most airway segments contained at least three segmentations, except for airways with a length of less than 6 pixels. All segmentations were lofted together to create the final 3D geometry. Creating the geometry manually removed complications that arise in automated segmentation techniques, i.e., extra faces, holes, and undesired merging of pulmonary vasculature and airways.
All airways were named with a unique numeric string following the binary numbering scheme rules given by Phalen et al. (22) . The string began at the trachea with the number 1. At each bifurcation a number was added to the end of the string: 1 for the major daughter and 2 for the minor daughter (Fig. 1C) . A few triple bifurcations were encountered, and in this case a 3 was added to the airway with the smallest diameter.
Morphometry Measurements
By using custom software developed in Matlab, segment and path length, hydraulic diameter, minimum, mean and maximum radiuses, bifurcation, gravitational and rotational angles were measured for each segment independently from the centerlines and segmentations created in SimVascular (Fig. 1C) . Each segmentation was discretized into 50 points, and each centerline was discretized into 50 to 100 points depending on its length. Length measurements. Each segment length was calculated by summing the distance between neighboring points on the centerline within the segment. Airway path length, defined by the distance between the main carina and the end of the airway segment, was then calculated by summing the lengths of all the segments included in the path. Consequently, the length measurements included the airway curvature.
Cross-section analysis. The hydraulic diameter D was measured for each segmentation and was defined as
where A and C are the area and circumference of the segmentation, respectively. The segmentation's area A, i.e., the cross section of the segment, was calculated by trapezoidal integration as follows
where xi and yi are the local 2D coordinates of each point on the segmentation. The circumference C was calculated by summing the distance between each point on the segmentation.
Minimum, mean, and maximum radii were defined as the minimum, mean, and maximum distance between the centroid of the contour and its perimeter. The deviation of the airway's cross section from a perfect circle was then characterized by its eccentricity
where rmin is the minimum radius and rmax is the maximum radius. For a circular cross section, rmin ϭ rmax and e ϭ 0. The more the eccentricity increases the more the cross section diverges from a perfect circle.
Angles. The bifurcation angle between a parent and daughter segments was calculated by
where p and d are the parent (p) and daughter (d) vectors and were defined by the beginning and ending points of the segments, l is the length of the vectors, and·denotes the dot product between the two vectors.
The gravitational angle was calculated for each segment by
where g is the gravitational unit vector for a rat in the prone position and d is the daughter vector being analyzed. Finally, the rotational angle was defined as the angle between two successive bifurcation planes. By using airway 11 as an example (Fig.  1C) , the rotational angle was calculated from the normal vectors of the planes defined from airways 1, 11, 12 and airways 11, 111, 112. The rotational angle was specified to be between 0 and 90°.
Morphometric measurements were calculated for all four animals for the first four airway generations. The interanimal variability was assessed by calculating the relative standard deviation (RSD) between the four animals, where RSD was defined as the standard deviation divided by the mean.
Because little interanimal variability was found (see RESULTS), lung images from a single animal were used to create a more extended 3D model that included all airways identified in the images. Morphometric measurements from the extended model were organized based on airway generation. RSD was used to determine inter-and intrageneration variability.
Order Analysis
The morphometric data from the extended model were also organized using an ordering scheme (11) . Such organization facilitates the calculation of physiologically relevant parameters such as airway resistance and impedance (30) . The diameter-defined Strahler procedure outlined by Jiang et al. (11) was used because it is applicable to monopodial airways. In this procedure we first define the airway order using the Strahler ordering scheme and then correct each airway order based on its diameter. The Strahler scheme was applied by starting from the terminal airways and working backward to the trachea (31). Each terminal airway was assigned an order of 1. All other airways were assigned an order based on the order of their respective daughter branches. If both daughter branches were of the same order i, then the parent branch was assigned an order of iϩ1; if the order of the two daughter branches differed, then the parent branch was assigned the same order as the highest ordered daughter.
An iterative process was then employed to adjust the Strahler order based on each airway's diameter following previous work (11) . First, Values are the average Ϯ SD. N, number of animals. the average and standard deviation of the diameter of all the segments within each order was calculated. Next, an upper and lower limit for the diameters in each order was determined by applying the following equations
where n is the order number, D is the average diameter and SD is the standard deviation of the diameter within that order (11) . Each segment was assigned a new order based on these new limits. The correction procedure was performed iteratively until the values of D 1= and D2= converged to within 1%. Sequential airway segments of the same order were combined to create an element (11) . The diameter of an element was calculated as the average of the diameters of the segments making up the element, and the length was calculated as the sum of the segment lengths. In an electrical analogy, each element represents a single resistor. The combination of all the elements in the airway tree may be used to calculate the tree's total resistance and/or impedance. Following Jiang et al. (11), we defined a connectivity matrix describing the organization of the airway circuit. The columns and rows of the connectivity matrix contained the order of the daughter and parent elements, respectively. A component in the mth row and the nth column represents the average number of elements of order m that grow out of the elements of order n. For example, the value in row 2 and column 3 was calculated by summing the number of 2nd order branches that originated from 3rd order branches and dividing by the total number of 3rd order branches.
Lobar Volume
Finally, the image dataset of each animal was analyzed with Amira software (Template Graphic Software, San Diego, CA) to determine lobar volumes. Volumes were calculated by multiplying the number of voxels within each lobe by the volume of a voxel.
RESULTS
Interanimal Variability
The morphometric measurements made on the four rats used in this study are displayed in Fig. 2 . Airway path length ( Fig.  2A) , hydraulic diameter (Fig. 2B), bifurcation (Fig. 2C) , and gravitational angles (Fig. 2D) are shown for the first four generations of the respiratory tract and compared with measurements made on a lung cast of a female Long-Evans rat by Raabe et al. (25) . The cast was made of silicone rubber prepared by an in situ technique to replicate the normal lobar orientation and conducting airway sizes at a volume corresponding to end inspiration (25) .
There was good agreement for both path lengths and gravitational angles between the two studies (Fig. 2, A and D) , whereas hydraulic diameters from this study were consistently smaller than Raabe's data (Fig. 2B) . Finally, there were large differences in bifurcation angles between the two studies (Fig. 2C) . Figure 3 illustrates the inter-animal variability as characterized by RSD for path length (Fig. 3A) , hydraulic diameter (Fig.  3B), bifurcation (Fig. 3C) , and gravitational angles (Fig. 3D) .
The minimum and maximum radius value for each contour was normalized by its mean value. The normalized minimum radius ranged from 0.9 to 0.93, and the normalized maximum radius ranged from 1.06 to 1.12. Average eccentricity was calculated to be 0.54 Ϯ 0.04, indicating that the airways have a consistent elliptical shape. Segments did become more elliptic as they reach a bifurcation; however, the elliptical shape appeared far from the bifurcation and throughout the entire airway.
Lobar Volume
Lobar volumes are listed in Table 1 for the four rats. Data are shown in absolute values (mean Ϯ SD, ml) and as a percentage of total lung volume to allow for comparison with previous studies of Raabe et al. (25) and Yeh et al. (36) .
Extended Airway Model
The extended model built from MR images from a single animal is shown in Fig. 4 and includes up to 16 airway generations and 81 terminal branches. The diameter of the minor daughter branches decreased below the limits of image resolution more proximally than that of the major daughter branches. Therefore, it was not possible to determine the airway diameter in the most distal generations for all airways.
As a result, the first five generations account for all airways in the model.
Morphometric measurements (mean Ϯ SD) from the extended model are shown in Fig. 5 as a function of airway generation for hydraulic diameters (Fig. 5A ), segment length (Fig. 5B) , gravitational angles (Fig. 5C) , and rotational angles (Fig. 5D) . Bifurcation angles for both major and minor airways are shown in Fig. 6 . These measurements were compared with available data from previous studies (12, 25) 
The RSD within each generation's diameter was on average 0.39; our measurements, 0.42 ; Raabe et al. (25) and the RSD for airway length was 0.67; our measurements, 0.5; Raabe et al. (25) . The high RSD indicated that there was a high variability in the diameter and length within each generation.
Gravitational (Fig. 5C ) and rotational angles (Fig. 5D ) remained relatively constant across generations and agreed well with previous studies. Averaged over all airways, gravitational angle was 82.9 Ϯ 37.9°compared with 85.1 Ϯ 35.6°in Raabe et al.'s study (25) , and rotational angle was 53.6 Ϯ 24.1°c ompared with 50.6 Ϯ 20.4°in Lee et al.'s study (12) . Figure  6 shows the bifurcation angles for each airway generation with the major daughter bifurcating at a smaller angle (19.3 Ϯ 14.6°) than the minor daughter branch (60.5 Ϯ 19.4°).
The diameter of the major and minor airways at each path length from the main carina is shown in Fig. 7 for each lobe in the right lung (Fig. 7, A-D) and for the left lung (Fig. 7E ). Three diameter measurements at different locations within the segment were taken for each airway segment, except for short airways (less than a few pixels in length) for which only one or two measurements were made. Unlike the other lobes, the apical lobe branches dichotomously, as shown by similar major and minor branch diameters. 
Order Analysis
The extended model contains five diameter-defined Strahler orders (11). The resulting segment and element diameter determined by the iterative process is shown in Fig. 8A . Table 2 and Fig. 8 give the average diameter and length for the major and minor branches in each order. The average segment and element diameter increases with order (Fig. 8A) ; a RSD of 0.12 Ϯ 0.05 indicates low intraorder variability for segment diameter. The major and minor segment had similar lengths; except for order four segments (Fig. 8B) . The RSD for length was 0.16 Ϯ 0.16 and the order four segments have the highest intraorder variability. There are order five segments in between order four segments because the rat airways increase in diameter in the first generations. The number of elements for each order and their average diameter and length are given in Table 3 . Depending on their location in the airway tree, elements are either a series of multiple segments or just one segment.
The connectivity matrix is given in Table 4 ; the values are the number of daughter branches of each row order springing from parent elements of each column order, divided by the total number of branches in the column order. For example, the value 1.343 was calculated by dividing the total number or order one elements coming from order two elements, 47, by the total number of order two elements, 35. As shown by the values in the matrix diagonal, some elements of the same order may be connected in parallel if the minor and major branches have the same order. The value 0.4 in the lower triangle of the matrix shows that there are order five elements coming from order four elements.
DISCUSSION
Despite numerous previous studies of conducting airway morphometry, none of these studies have included all measurements needed to describe the airways three dimensionally. Most airway measurements were collected from excised silicone lung casts imaged by electron microscopy (25) or from CT (12, 29, 36) 125 m (6)]. However, because imaging was performed ex vivo, there is a danger that the casts may have deformed from their original physiological in situ shape. In situ airway imaging in the Sprague-Dawley rat has been previously performed using micro-CT (1); however, this study only captured the first few airway generations. Ideally, a 3D airway atlas should include airway diameter, length, gravitational, bifurcation, and rotational angles taken from lungs in their most natural state at the highest resolution possible. The present study provides all relevant geometric measurements taken from in situ lungs of Wistar rats at a greater resolution than previous in situ studies. Airway variability between rats of similar weight was first analyzed for the first four generations of conducting airways. Next, measurements for up to 16 airway generations were compared with morphometric data from previous studies (12, 25) . Last, the highly monopodial airways were organized based on a diameter-defined Strahler ordering scheme (11) .
Interanimal variability. Recently, patient or animal-specific 3D airway models have been used to study lung mechanics, airflow, and particle deposition using computational methods (4, 13, 34, 37) . Because the accurate description of airway morphometry is laborious and time intensive, subject-specific models need only be developed when intersubject variability is high. By using solid casts of eight human lungs, Nikiforov and Schlesinger (20) previously measured the length, diameter, and branching angle of the first nine generations of conducting airways by measuring directly from the cast, and showed high intersubject variability in their measurements. The RSD of length, diameter, and branching angle was 0.42 Ϯ 0.11, 0.31 Ϯ 0.8, and 0.76 Ϯ 0.30, respectively. These results strongly advocate for the use of subject-specific models of the human lung. In contrast, the much lower interanimal variability between the Wistar rat lung shown by our and previous results suggests that generic airway models may reliably be used in computational or lung mechanics studies of healthy rats of similar size. These findings agree with previous studies that also showed low interanimal variability for same weight, strain, and sex (16) .
Sensitivity analysis. An analysis was performed to assess user sensitivity of creating the morphometric models. An independent operator created and measured the airway path length and diameter of one of the rats used in the interanimal variability study. All diameter and path length measurements were within one standard deviation measured between the four rats (see Fig. 2 ). Additionally, the average difference between the mean values of Fig. 2 , were 8.1 and 8.8% for the diameter and path length, respectively. The operator sensitivity was small and therefore was assumed to be insignificant.
Extended airway model. Traditionally, airway tree dimensions have been organized based on generation number (16, 29) . Generation organization offers a straightforward technique with which the morphometric data from several different studies may be easily compared. Our results confirmed the expected finding that airway diameter and length decreased with increasing generation number (Figs. 5, A and B) . However, the variability of measurements within each generation was high and often larger than the intergeneration variability (Figs. 5, C  and D) . The large intrageneration variability suggests that generation organization may not be the most appropriate method to describe rat airways.
The rat airway tree exhibits both monopodial and dichotomous branching characteristics depending on the branch location in the airway tree. The branches springing from the lobar bronchus have a smaller diameter than their major sibling (Fig.  4) for the left, diaphragmatic, cardiac, and intermediate lobes. However, the differences between daughter branches are smaller toward the periphery of the lobe, and as a consequence the branching pattern there becomes more dichotomous. In contrast, the apical lobe exhibits a dichotomous branching pattern from the lobar bronchus.
Comparison with Previous Studies
We observed relatively good agreement between our data and measurements from Raabe et al. (28) . The different techniques, different airway pressure, and larger animal weight likely explain the higher values measured in these previous studies compared with data from the present study. Segment lengths matched well with the previous studies (Fig. 5B) ; however, our measurements were slightly longer for most generations. Our length measurements included airway curvature, whereas previous studies only measured the linear length of the airway, and therefore this may have contributed to the longer lengths measured. Gravitational and rotational angle measurements agreed well with previous studies, whereas bifurcation angle did not. The average gravitational angle was 2.6% smaller than Raabe et al. and the average rotational angle was 5.9% larger than Lee et al. Because Lee et al. reported a possible error of 6 to 7% in their angle measurements due to deformation of the cast while scanning, this provides a possible explanation for this difference. Our measured bifurcation angles (Fig. 6) Order organization. The diameter defined Strahler ordering scheme (11) was applied to the extended airway model to provide an alternate method for organizing the morphometric data that better allows for high intrageneration variability and missing airways due to the limitation in the image resolution. Incorporating both airway diameter and location in the airway tree ordering system allows us to obtain lower intraorder variability compared with ordering with diameter alone. Additionally, the increased variability found in the fourth-ordered segments (Fig. 8) is likely the result of the nonmonotonic decrease of airway diameter from the trachea to the peripheral airways. Typically, in this type of order analysis, there would be only one segment of the highest order (order 5 in this case). However, because the diameter of the airways increases in the main bronchi before monotically decreasing with increasing generation number (6), six order five segments were measured.
A connectivity matrix describes the branching of the airway tree based on the number and order of the elements. The upper diagonal of Table 4 shows that most of the elements of order n branch from parent elements order n ϩ 1. When daughter branches are of the same order as the parent branch, this appears as a diagonal entry in the connectivity matrix. Typically, daughter elements do not have a higher order than their parent element; however, due to increasing diameter in the major right and left bronchi, there were order five elements springing from order four elements.
Physiological Relevance
An extended geometric description of the airways is highly desirable for accurate predictions of airflow and particle deposition. Airway dimensions and angle measurements are needed to solve equations that govern fluid dynamics or particle physics. The inclusive dataset provided here can be used to construct typical 3D rat airway trees for use in future computational studies.
Airway resistance, a physiological measure of pressure drop for a given flow rate, may be used to aid in airway disease diagnostics (2, 8) . Also, airway resistance may be used as a downstream boundary condition in numerical models (31) . Assuming Poiseuille flow, airway resistance may be calculated for each airway using
where is the fluid viscosity, l is the length of the segment, and d is the diameter of the segment. The resistance for airways in series is additive. The resistance for airways in parallel is the inverse of the sum of the inverse of the resistances. The total resistance in the rat airways for the bronchioles that this model represents, was calculated by summing the resistance of each airway. The resistance calculated using the exact tree structure was compared with the estimated resistance computed using the average lengths and diameters, and the airway tree described by the connectivity matrix (30) . The total resistance was 0.0046 cmH 2 O·s Ϫ1 ·ml Ϫ1 and the approximate resistance was 0.0039 cmH 2 O·s Ϫ1 ·ml Ϫ1 . The small difference (less than 15%) demonstrates the usefulness of the connectivity matrix in estimating relevant physiological parameters. . Both of these studies found the airway resistance to be larger than what was found using the morphometric data. However, the resistance calculated with the morphometric data only includes Poiseuille resistance and not the additional resistance that occurs in the presence of bifurcating airways. Pedley et al. (21) described the resistance for a bifurcating system to be
where R p is the Poiseuille resistance, C is a constant, 1.85, Re is the Reynolds number, d is the diameter of the airway, and L is the length of the airway. Using the experimental breathing conditions given by Nagase et al. (19) (tidal volume of 9 ml/kg, breathing frequency of 60 breaths/min), the morphometric data of our extended rat model and applying Pedley's equation, the resistance was found to be 0.0489 cmH 2 O·s Ϫ1 ·ml Ϫ1 . Decreasing and increasing the airway diameter throughout the model by 5% resulted in a calculated resistance of 0.060 and 0.0402 cmH 2 O·s Ϫ1 ·ml Ϫ1 , respectively. Assuming an isotropic expansion of the lung, a decrease in airway diameter of 5% would result in a decrease in lung volume of ϳ40%. Our airway model is based on images of lungs inflated at an airway pressure of 20 cmH 2 O, which is close to total lung capacity. Reducing the lung volume by 40% from total lung capacity would result in lung volumes similar to those occurring during tidal breathing, i.e., to those encountered in Nagase et al. (19) and Dolhnikoff et al. (5) studies. The calculated resistance for the model with decreased airway diameter agrees well with those experimentally measured by the alveolar capsule technique.
Limitations
The rat airways were measured inside the thoracic cavity from in situ MR images. Although in situ imaging offers the advantage of obtaining measurements from lungs in their most natural state, such approach resulted in images with a smaller resolution than previous studies have obtained with lung casts (6, 12) . The voxel size (0.2 ϫ 0.2 ϫ 0.27 mm) was chosen such that there was sufficient tissue to airway contrast. This resolution limited measurements to airways with a diameter larger than 0.4 mm, with a potential measurement error of 33%. To obtain the in situ images, the lungs were first filled with a contrasting fluid to avoid air/tissue artifacts and to be able to identify the airways in the images. In most cases the lung filled uniformly, except for the periphery of the diaphragmatic and intermediate lobes. The uneven filling resulted in a limited amount of contrast, which made it difficult to identify some of the peripheral airways in these lobes. The liquid-filled lungs may have expanded the lungs more than air-filled lungs; however, this expansion is likely to be less than in siliconefilled lungs that are traditionally used in morphometric studies. Silicone has a larger viscosity than the PBS and agarose mixture used in this study and therefore requires a larger pressure force to fill the lungs (6) . Silicone-filled lungs may thus be artificially more overexpanded than liquid-filled lungs.
Errors in defining the bifurcation end point location may be present due to the difficulty in determining the exact bifurcation location of the airways from the MR images. In an attempt to decrease uncertainty, we also measured bifurcation angles using end points at mid-lengths of the daughter branches; however, this did not reduce our variability as measured by RSD (Fig. 2) . The 3D airway trees were manually segmented from the MR images and additional uncertainties may arise from noise in image data. Despite these limitations, the airways were accurately described both geometrically and spatially, and findings agreed well with previously reported data.
It should be noted that airway disease may alter the morphometry of the lung and that these alterations are likely to be heterogeneously distributed among airways. A previous study by Lee et al. (12) demonstrated the importance of airway-toairway comparison between animals in characterizing the influence of air pollutants on lung development. It is also known that bronchial airway diameter decreases with asthma (18) and COPD (9); however, the heterogeneous distribution has not been fully investigated.
Summary
This paper is the first to present in situ morphometric measurements from MR images for airway diameters greater than 0.4 mm in healthy Wistar rat lungs. The little interanimal variability found in the first four airway generations strongly suggests that a generic model can adequately describe the airway morphometry of rats of similar size. Measurements from this study matched previous studies for airway length, gravitational, minor bifurcation, and rotational angles. However, the major bifurcation angles were larger than the previous studies and the airway diameters were smaller than in previous studies. The rat lungs proved to have both dichotomous and monopodial characteristics, depending on the lobe and location in the lung. Organizing the measurements using the diameterdefined Strahler ordering scheme resulted in low intraorder variability for airway lengths and diameters and proved to be a useful tool to calculate physiological parameters such as lung resistance.
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